The corrosion behavior of Q235/Ti galvanic couple in the artificial seawater has been investigated by using electrochemical impedance spectroscopy (EIS), electrochemical noise (EN) and scanning electron microscope (SEM) techniques. The results show that the whole corrosion process of Q235/Ti galvanic couple should be divided into three stages by using EIS technique, whereas the same corrosion process can only be divided into two stages by using EN technique. There exists good relationship between the charge transfer resistance (R ct ) obtained from EIS technique and the corrosion index S E obtained by EN technique. EN technique is more sensitive to pitting corrosion than EIS technique, and can be used to distinguish the main corrosion type.
INTRODUCTION
In the design of many industrial projects, many materials need to combine with others to obtain the desired performance [1] . During the combination, galvanic corrosion is inevitably happened [1] [2] [3] .
Galvanic corrosion is an enhanced corrosion [4] , which easily occurs when two or more different metals or alloys are in electrical contact [5.6] due to the micro-macroscopic cells induced by their heterogeneities in the presence of electrolyte [3.7] . In the two contacted metals, the metal with more positive corrosion potential acts as cathode and its corrosion rate will be reduced, while the other one with more negative potential acts as anode, which corrosion will be accelerated [1] . So far, galvanic corrosion is very common in infrasturcture and industrials [8] , and has been studied by many researchers [1] [2] [3] [4] [5] [6] [7] [8] . The galvanic corrosions of Mg alloy [9, 10] , Al alloy [4, 11] , steel [12] [13] [14] in the solutions containing Cl -, S 2- [12] , Br - [15, 16] have attracted most attentions.
The traditional techniques used for investigating galvanic corrosion are weight-loss [4, 17] , potentiodynamic polarization [7, 12, 18] , and zero resistance ammeter (ZRA) [12, 18] and so on. By using these techniques, the corrosion parameters such as free corrosion potential, polarization potential, galvanic current and galvanic potential can be determined.
Nowadays, it is well accepted that electrochemical impedance spectroscopy (EIS) as a very useful electrochemical measurement could supply us with kinetic information about many electrochemical processes [19] , while electrochemical noise (EN) technique has been widely used to study both the materials corrosion [20] [21] [22] [23] and electroplating behaviors [24] . However, these methods, especially EN technique, have not yet been widely adopted in the studies of galvanic corrosion. Moreover the characteristics and the relationship of the two methods (EIS and EN) has not been studies systematically.
The aim of this work is to investigate the galvanic corrosion behavior of Q235 steel/titanium couple in the solutions artificial for the seawater of south China, especially by using EIS and EN techniques and also clarify respective characteristics of the two techniques in galvanic corrosion researches.
EXPERIMENTAL
The electrode for galvanic corrosion (designated as EGC) was prepared by embedding Q235 steel column in the titanium alloy (Ti) cylinder with inner and outer diameters of 0.4 and 0.56 cm, respectively. Thus, the exposed area of each metal was equal to 0.13 cm 2 . Then the coupled electrode was connected respectively to a copper wire at one end, encapsulated using polytetrafluoroethylene (PTFE) with the other end exposed as the working surface. Before experiments, the working surface was polished by abrasive papers through 500-1200-grade and velvet, washed by distilled water and degreased by acetone. All tests were carried out in the artificial seawater whose main components are listed in Table  1 . The artificial seawater was prepared using analytic chemical reagents and double-distilled water, the latter was further purified with a Milli-Q purification system (Millipore, resistivity, 18.2 MΩ cm).
Electrochemical impedance spectra (EIS) were recorded with an impedance measurement apparatus (PARSTAT 2273, Advanced Electrochemical System) at the rest potential, the applied sinusoidal voltage amplitude was 5 mV and the sweep always initiated from the frequency of 100 kHz to 0.01 Hz. EIS tests were performed at different immersion time in a conventional three-electrode compartment cell. The coupled electrode prepared above used as the working electrode, a large platinum foil was used as auxiliary electrode and a saturated calomel electrode (SCE) was employed as the reference. Electrochemical noise (EN) was monitored as a function of time between the working electrode and SCE using a Powerlab/4sp apparatus (made in Australia), which was controlled by Chart4 software using the Windows XP operating system. This equipment allows resolutions of 1 μV for voltage signals and 1 pA for current signals. EN data of 4096 points was collected at 4 points/s each time. These conditions define a frequency window in which most usual corrosion processes can be detected. The analytical results for maximum entropy method (MEM) technique were obtained by specific data technique.
During the above experiments, the surfaces of the samples at different immersion time were observed using scanning electron microscope (SEM, Hitachi SU70). All electrochemical tests were conducted at the temperature of about (30 ± 2) ºC, and all potentials were referred to SCE unless otherwise stated.
RESULTS AND DISCUSSION
The EGC corrosion behavior of Q235/Ti is first investigated using EIS technique, and some typical EIS plots are shown in Fig.1 . In order to clearly see the change trend of EIS plots, Fig.1 is divided into three parts. From Fig.1 , it can be seen that all centers of the capacitive circles are below the real axis, which indicates that the corrosion process of Q235/Ti EGC is controlled by chargetransfer process under our experimental conditions. When the corrosion time is shorter than 76 h, only one distinct phase-angle peak (Peak I) is observed in the high frequency domain except the data drift in the ultra-high frequency region. The latter phenomenon has been ascribed either to the atomic scale inhomogeneities (rather than the geometry roughness of the solid electrode) [25] , or the effect of reference electrode geometry/position [26] , or the high resistance capillary effect of the reference electrode [27] . Both the peak height of the phase-angle (Peak I) and the diameter of the corresponding capacitive loop decrease with immersion time (< 76 h), which indicates the more uneven distribution of corrosion current on the corroding surface [28] .
In the time range from 76 h to 177 h, both the peak height of Peak I and the diameter of the corresponding capacitive loop keep in decreasing and the peak position of Peak I changes to lower frequency domain. Simultaneously, another phase-angle peak (Peak II) presenting as a shoulder of Peak I occurs in the high frequency domain. When the corrosion time is longer than 177 h, the peak height of Peak I increases but with some oscillations, which position changes to lower frequency domain, and the diameter of the corresponding capacitive loop increases also with some oscillations. Moreover, the shoulder phase-angle peak (Peak II) eventually evolves into a distinct peak (Fig. 1) .
The above changes indicate that a layer of corrosion products are formed onto the Q235/Ti EGC electrode, and which structure is time dependent. For the reason that Ti acts as cathode in Q235/Ti EGC corrosion system, only the surface morphologies of the anodic Q235 are presented here. Fig. 2 clearly shows the evolution features of the morphologies of the corrosion products layer on Q235. When the corrosion time is shorter than 76 h, the corrosion products layer possesses many large cracks (Figs. 2a-2b) , which is also theoretically thin and can facilitate the free transfer of the aggressive particles. In the time range from 76 h to 177 h, the corrosion products layer possesses the open leaf (loose flake) structure (Fig. 2c) , which still allows the free migration of the aggressive particles. Contrarily, when the corrosion time is longer than 240 h, the corrosion products layer possesses the more and more compact globular structure (Figs. 2d-2f ) and is also theoretically thicker, which can markedly hinder the free diffusion of the aggressive particles. Therefore, the accumulation of the dense corrosion products layer may be the main reason for the presentation of Peak II, and Peak I should originate from the corrosion reaction. (a) R s is the solution resistance, CPE1-P is the electric double layer capacitance, R1 is charge transfer resistance. (b) R s is the solution resistance, CPE1-P is the capacitance of outer passivating film and corrosion product layer, R 2 is the membrane resistance of outer passivaitng film and corrosion products, CPE2-P is the electric double layer capacitance, R3 is the charge transfer resistance.
According to the above analysis (especially the features of the EIS diagrams, such as the number of the phase angle peak in Bode plots) and the method developed by Wit [29, 30] , the number of EIS time constant can be determined clearly. Therefore, the EIS data in Fig. 1 are analyzed using two different equivalent electrical circuit (EEC) models (Fig. 3) and the non-linear-least-square fit analysis (NLLS) software. When the immersion time is shorter than 76 h, only one time constant can be clearly determined, and therefore the EEC in Fig. 3a is used to fit the EIS plots. When the immersion time is longer than 76 h, two time constants can be determined and therefore the EEC in Fig. 3b is used to fit these EIS plots. The fitted results are shown in Table 2 and Table 3 .
In order to see clearly both the evolution features of CPE1-P and (the charge transfer resistance) for Q235/Ti EGC corroding in the artificial seawater, the data of CPE1-P and Rct in Table  2 and Table 3 are plotted versus corrosion time and shown in Figs. 4-5. It can be seen that Rct decreases continuously from the initial corrosion time to 240 h, which can be mainly attributed to the autocatalytic effect of pitting corrosion in the enclosed environment [23] (Fig. 2) . Meanwhile, CPE1-P increases due to both the increase of the real corroding surface and the relative dielectric constant of the surface layer (corrosion products are hydroxyl compounds and possess higher relative dielectric constant when compared with Q235). In the time range from 76 h to 240 h, the decreasing rate of Rct is smaller than that when the corrosion time is shorter than 76 h, which should be originated from the time-dependent structure of the corrosion products layer (Fig. 2) , as elucidated above. When the corrosion time is longer than 240 h, Rct increases while CPE1-P changes oppositely due to the formation of the thicker and denser corrosion products layer, and also because that the coupled Ti is a kind of metals with high corrosion resistance.
According to the above analyses, the corrosion process of Q235 /Ti EGC can be divided into three stages, i.e, the initial stage (< 76 h), the transitory stage and the last stage (> 240 h). Fig. 6 shows the time-domain potential noise curve (without elimination of the dc drift) of Q235/Ti EGC corroding in seawater for 722 h. The initial corrosion potential (-0.53 V) of Q235/Ti EGC is more negative than that of single Q235 steel (-0.48 V), which means that when coupled Q235 steel with Ti, the corrosion of Q235 becomes to be much easier. The corrosion potential shows the evolution trend of the initial negative drift and a subsequent increase (Fig. 6) . At the end of the corrosion study, the corrosion potential of Q235/Ti EGC arrives at a relatively stable value of about -0.68V, which is same as that of single Q235 steel corroding in same seawater (not shown here). The potential noise shown in Fig.6 has been analyzed by using MEM technique [31] , the obtained spectral power density plots (PSD) [32] [33] [34] are shown in Fig. 7 . Based on the three characteristic parameters of the PSD curves (white noise level P w , the cut-off frequency f c and the high frequency linear slope k), two corrosion indexes S E and S G [20, 21] can be calculated as follows: Fig. 8 shows the evolution features of S E and S G with time. Fig. 8 clearly shows that the whole corrosion process of Q235/Ti EGC can be divided into two stages. In the first stage (< 240 h), S E oscillates with large amplitude, while S G keeps continuously decreasing. In the second stage (> 240 h), S E keeps at a relatively small value, while S G increases. According to our previously studies [20, 21] , S E mainly reflects the strength of the fast reaction processes (such as pitting corrosion), while S G reflects mainly those of slow processes (such as diffusion). The larger the S E , the more the fast reactions (with smaller time-constant) taking place simultaneously. (Fig. 8) , it is very interesting to find that, the time domain for the large-amplitude oscillating of S E is the same as that for the continuously decreasing of R ct (< 240 h), while S E keeps at a relatively small value when R ct increases markedly (> 240 h). On the other hand, the time domain for the decreasing of S G is also the same as that for the continuously increasing of CPE1-P (< 240 h), the decreasing of CPE1-P (> 240 h) is accompanied by the increasing of S G .
It is well accepted that the main corrosion type of steel (including Q235) in seawater is pitting corrosion, and the charge transfer resistance (R ct ) is widely used to characterize the corrosion rate [35, 36] , therefore, the smaller the R ct , the fast the pits formation. However, how to elucidate the relationship between S G and CPE1-P ? CPE1-P is directly dependent on the characteristics of the surface layer on the corroding electrode. Generally, the surface of solid (electrode) is inhomogeneous in nature and exist some active points with higher surface energy [25] . In the same corroding conditions, the active points initiate pitting corrosion preferentially. With the increasing of pitting rate, the corroding surface becomes more and more irregular (which can be proved by the decrease of n1 in Table 2 ) and consequently increases the real surface area, while the formed corrosion products covers onto the electrode (Fig. c) and theoretically thickens. The above two factors cause the increasing of CPE1-P (Figs. 4-5) when the corrosion time is less than 240 h. Also because of the preferential initiation of pitting corrosion of the active points on the inhomogeneous solid (electrode) surface, the aggressive particles (such as O 2 and Cl -) must diffuse certain distance to reach these points, which results in the initial higher value of S G (the first point in Fig. 8 ). With the prolongation of corrosion time (< 240 h), all the non-protective characters of the theoretically thinner corrosion products layer (with many large cracks (Figs. 2a-2b ) or open leaf (loose flake) structure (Fig. 2c) ), the autocatalytic effect of pitting corrosion [23] and the concentration effect of Cl -in the pit's tip [37] , make the diffusion processes of the aggressive particles much easier and result in the slowly decreasing of S G . When the corrosion time is long enough (>240 h), the structure of the time-dependent corrosion products layer changing from the open leaf (loose flake) structure (Fig. 2c) to the dense globular structure (Figs. 2d-2f ) and some dense corrosion products blocking into the pitting holes tightly, both of them make the diffusion processes of the aggressive particles (such as O 2 and Cl -) become more and more difficult, therefore S G increases (Fig. 8) . The synergism of the above factors also results in the annihilation of some already formed pits and the initiation of some new pits, therefore, general corrosion is the main corrosion type at this time. The general corrosion causes the solid (electrode) surface to be somewhat smooth again, thus CPE1-P decreases.
At the last of this paper, it should be mentioned that there exists a discrepancy when using EIS and EN techniques to study the same corrosion process of Q235/Ti EGC in the artificial seawater, respectively. According to the studies of EIS, the whole corrosion process of Q235/Ti EGC should be divided into three stages, whereas the same corrosion process can only be divided into two stages by using EN technique. This discrepancy may infer that EN technique is more sensitive to pitting corrosion, and can be used to distinguish the main corrosion type as elucidated above.
CONCLUSIONS
The corrosion process of Q235/Ti EGC in the static artificial seawater is charge-transfer controlled, and Q235 acts as the anode. The charge transfer resistance (R ct ) shows the variation trend of initial decrease (< 240 h immersion time) and subsequent increase (> 240 h immersion time), while the surface capacity (CPE1-P) changes oppositely. When the corrosion time is less than 240 h, the corrosion parameter S E obtained by EN technique possesses large oscillations, and the time domain for the large-amplitude oscillating of S E is the same as that for the continuously decreasing of R ct . When the corrosion time is longer than 240 h, S E keeps at a relatively small value while R ct increases markedly. On the other hand, the time domain for the decreasing of S G is also the same as that for the continuously increasing of CPE1-P (< 240 h), the decreasing of CPE1-P (> 240 h) is accompanied by the increasing of S G . The discrepancy between the results obtained by EIS and EN techniques indicates that the latter is more sensitive to pitting corrosion, and can be used to distinguish the main corrosion type.
